INTRODUCTION
The basic helix-loop-helix (bHLH) proteins are a large family of transcriptional regulators.
Over 500 bHLH proteins have been identified in organisms from Saccharomyces cerevisiae to mammals (3, 5, 27, 36, 45, 46, 54, 64, 66, 79) . They regulate a diverse array of cellular processes including cell differentiation, development, and cell proliferation (7, 30, 31, 54, 58, 64, 67, 78) . Five different properties of bHLH proteins create generate sufficient diversity to
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at Penn State Univ on February 6, 2008 ec.asm.org Downloaded from regulate a variety of different transcriptional programs (54, 64) . First, the structure of bHLH proteins includes two amphipathic -helices, separated by a variable loop, which present hydrophobic residues on one face of each helix. This structure allows for the formation of homo-dimers or hetero-dimerization with several different partners (52, 77) . In mammals, regulation of genes involved in proliferation and differentiation is governed by Max dimerized with Myc, Max, Mad, and Mxi (30, 31, 58, 67) . Similarly, the S. cerevisiae Ino4p bHLH protein is a hub that interacts with all yeast bHLH proteins tested thus far (63) . Second, dimerization juxtaposes two helices containing basic-charged residues that create a DNA-binding interface (52, 54, 64, 77) . Therefore, dimerization is a prerequisite for DNA binding. However, bHLH proteins have a relatively limited DNA binding specificity since most interact with a sequence known as the E-box: 5'-CANNTG-3' (9, 19, 21, 52, 77, 81) . Conserved amino acids within the DNA-binding region interact with invariant nucleotides while other residues provide specificity by interacting with the central variant nucleotides, or in some cases, nucleotides that flank the core sequence (9, 19, 21, 52, 77, 81) . For example, Pho4p and Cbf1p homo-dimers both bind the consensus CACGTG sequence, but specificity is dictated by a flanking T nucleotide that inhibits Pho4p binding but not Cbf1p binding (21) . Third, some bHLH proteins, such as Ino2p, autoregulate their own expression. The Ino2p:Ino4p heterodimer is required for derepression of the yeast phospholipid biosynthetic genes in response to inositol deprivation (33, 34, 68) .
Expression of an INO2-cat reporter requires both Ino2p and Ino4p (1, 2, 17) . Fourth, some family members lack the basic-charged DNA-binding domain (HLH) and therefore can dimerize with other bHLH proteins but prevent their binding to DNA. The Id HLH protein acts as a dominant inhibitor by hetero-dimerizing with other bHLH proteins (E12 and E47) (32, 48, 60, 78) . Dimerization with the Id protein prevents these other bHLH proteins from binding, either as
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homo-dimers or hetero-dimers with MyoD, to the muscle creatine kinase enhancer (32, 48, 60, 78) . Yeast contains one potential HLH protein, encoded by YGR290w (dubious ORF). Lastly, some bHLH proteins are regulated by intracellular compartmentation. Pho4p, Rtg1p, and Rtg3p are present in the cytoplasm under repressing conditions and translocate to the nucleus under activating conditions (37, 38, 43, 75) . Collectively, these features make the bHLH protein family particularly suited for combinatorial control of gene expression. S. cerevisiae has only 9 predicted bHLH proteins and is therefore an excellent model system to examine how this family of transcription factors function in the coordination of gene expression.
Yeast bHLH proteins regulate several important metabolic pathways including phosphate utilization, glycolysis, and phospholipid biosynthesis (64) . Pho4p was the first bHLH protein identified in yeast (6) . Pho4p forms a homo-dimer that activates expression of the PHO regulon in response to phosphate limitation ( Fig. 1) (61) . The activity of Pho4p is regulated by nuclear translocation via phosphorylation at multiple residues (37, 38, 43) . As is the case with Pho4p, Rtg1p and Rtg3p activity is also regulated by phosphorylation and nuclear translocation (35, 75) .
Rtg1p and Rtg3p form a hetero-dimer that regulates nuclear genes such as CIT2 in response to mitochondrial damage ( 0 ), a process known as retrograde regulation ( Fig. 1) (11, 18) . Ino2p and Ino4p form a hetero-dimer that regulates a large set of genes, including the phospholipid biosynthetic genes, in response to inositol deprivation ( Fig. 1) (33, 34, 68) . Cbf1p has a dual role in regulation of transcription and chromosome segregation (Fig. 1) . Cbf1p binds the CACRTG element that is present in many MET gene promoters as well as in the centromere DNA element I (CDEI) (12, 40) . Hms1p and Ygr290wp have similarity with the HLH family but are the least characterized of the yeast HLH proteins ( Fig. 1) Sgc1p was identified in a genetic selection for mutants that simultaneously restored growth on glucose and expression of an ENO1-lacZ reporter gene in a gcr1 mutant strain (59) . Grc1p is required for maximal expression of the enolase genes (ENO1 and ENO2) and several other glycolytic genes (50) . Sgc1p and Gcr1p function to stimulate expression of the ENO1 and ENO2
genes through parallel pathways since a gcr1, sgc1 double mutant strain is more defective in enolase gene expression than either of the single mutant strains (69) . In this study, we found that in addition to Sgc1p, several other bHLH proteins affect the expression of the ENO1 gene. This regulation requires that the bHLH proteins interact with three UAS elements that conform to the E-box binding motif. Regulation through two of these UAS elements may be a recent evolutionary event since these two elements are limited to the S. cerevisiae species. Epistasis analysis coupled with chromatin immunoprecipitation (ChIP) experiments suggest that novel bHLH combinations may interact with these UAS elements.
MATERIALS AND METHODS
Strains, media, and growth conditions. Plasmid-containing Escherichia coli DH5 cells (Invitrogen, Carlsbad, CA) were grown in LB-Amp medium (10% (w/v) Bacto-tryptone, 5% (w/v) yeast extract, 10% (w/v) NaCl, and 50 µg/ml ampicillin) at 37 o C. Plasmid-containing E. coli BL21(DE3)pLysS cells (Novagen, Madison, WI) were grown at 37˚C and 25˚C in LB-Amp medium supplemented with 50 µg/ml chloramphenicol.
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The S. cerevisiae strains used in this study were BY4742 (MAT his3D1 leu2D0 lys2D0 ura3D0), BY4741 (MATa his3D1 leu2D0 met15D0 ura3D0), and isogenic strains containing ino2 , ino4 , pho4 , cbf1 , sgc1 , rtg1 , rtg3 , hms1 , and ygr290w alleles (23, 82 Plasmid construction. Plasmid YEp357R-ENO1 contains 720 bp of the sequences upstream of the ENO1 ORF and the first codon fused in-frame to the lacZ reporter gene in YEp357R (57) .
This 720 bp region was previously shown to contain all of the regulatory elements necessary for ENO1 expression (80) . YEp357R is a multicopy episomal plasmid with a URA3 selectable marker (57) . This fusion plasmid was constructed by first amplifying 1000 bp of the ENO1 promoter from S. cerevisiae genomic DNA (Invitrogen, Carlsbad, CA) using primers ENO1 F and ENO1 R (Table 1 ). The 1000 bp PCR product was cloned into pGEM ® -T (Promega, Madison, WI), sequenced, then the ORF proximal 720 bp were excised by digestion with EcoRI and inserted into YEp357R.
Plasmids that complement the cbf1 , sgc1 , ino2 , and ino4 mutant alleles were constructed by cloning each ORF and promoter into pRS315. Plasmid pRS315-CBFI was constructed by amplifying a 1556 bp fragment from S. cerevisiae genomic DNA (Invitrogen, Carlsbad, CA) using primers CBF1 F' (-500) and CBF1 R' (+1056) ( (8) Three E-boxes in the ENO1 promoter (positioned at -460, -656, and -704) were mutagenized using the QuikChange® XL Site-Directed Mutagenesis Kit and the pGEM ® -T-ENO1 promoter derivative described above. The E primer set (Table 1 ) was used to create 3 single E-box mutants.
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The single mutants were used to create the 3 possible combinations of double mutants and the triple mutant. The mutant ENO1 promoters were cloned into YEp357R as described above.
Reporter enzyme assays. To assay -galactosidase activity, yeast strains were grown in 5 ml of appropriate medium to mid-log phase ( ChIP assay: Yeast cell cultures (200 ml) were grown in I-C-medium at 30˚C to mid-log phase (60-80 Klett units). Formaldehyde was added to a 1% final concentration followed by a 30 min incubation at 30˚C. Glycine was added to 125 mM and the mixture was incubated for an additional 5 minutes. Cells were pelleted at 1500 x g for 5 min and pellets were washed twice with 700 ml of 1x PBS (0.43 mM Na 2 HPO 4 , 0.14 mM KH 2 PO 4 , 13.7 mM NaCl and 0.27 mM KCl) and once with 15 ml of Beadbeater Lysis Buffer (50 mM HEPES-KOH, pH 7.5, 10 mM promoter, and the TCM1 promoter were designed using the Primer3 Software (http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi). Primer and template DNA concentration were optimized, and amplification reactions with SYBR Green were carried out using for 1 cycle of 50˚C for 2 min and 95˚C for 10 min, followed by 40 cycles of 95˚C for 15 sec, 60˚C for 1 min. The data were calibrated using the TCM1 ChIP signal and normalized to the input DNA.
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RESULTS
ENO1-lacZ is regulated by multiple bHLH proteins. It was known that ENO1 expression
is regulated by the Sgc1p bHLH protein and Gcr1p (50, 59, 69 ). Here, we tested if other bHLH proteins also regulate ENO1 expression using an ENO1-lacZ reporter. The ENO1-lacZ reporter was assayed in a wild type and 9 isogenic bHLH knock-out strains. Since inositol and choline and phosphate concentration affect the function of different bHLH proteins (Ino2p:Ino4p and
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Pho4p, respectively), ENO1-lacZ expression was tested under different growth conditions. Therefore, we used the following 4 growth conditions: I-C-Pi low, I-C-Pi high, I+C+ Pi low, and I+C+ Pi high. In the case of the ino2 and ino4 strains, the I-C-media contained 10 µM inositol which is required for growth of these mutant strains but still yields derepressed expression of their target genes (1, 17, 25) .
As expected, the SGC1 gene was required for maximal expression of ENO1-lacZ under all 4 growth conditions ( Fig. 2A) (59, 69) . In addition, the data showed that ENO1-lacZ expression in the wild type strain is repressed in the presence of inositol/choline regardless of phosphate concentration ( Fig. 2A) . ENO1-lacZ expression was reduced by 51% and 21% by inositol/choline in low and high phosphate media, respectively ( Fig. 2A) . While this level of repression is relatively modest, it is within the range observed of several well-characterized inositol/choline responsive genes (14, 56, 70, 72) . However, inositol/choline repression was not observed in most other bHLH knock-out strains ( Fig. 2A) . While this would be expected in the ino2 and ino4 strains, it was unexpected in other bHLH knock-out strains ( Fig. 2A ).
In addition, this experiment revealed that every yeast bHLH protein was required for maximal ENO1-lacZ expression although ino2 , pho4 , rtg1 , cbf1 , and hms1 had the most dramatic effect and resembled the effect of an sgc1 , mutant. In this study, we will focus on the Ino2p, Ino4p, Cbf1p, and Sgc1p bHLH proteins because the first three are associated with the response to inositol/choline (34, 68) (He, Shetty, and Lopes, unpublished results) and Sgc1p is well established as being required for maximal expression of ENO1 (59, 69) .
A complementation test was performed to confirm that the decreased ENO1-lacZ expression ( Fig. 2A) (80) . Therefore, we focused on the three ORF-distal E-boxes (E-460 (E1), E-656 (E2) and E-704 (E3); distances are relative to start codon). We mutated each E-box by site-direct mutagenesis and assayed for -galactosidase activity in the wild type strain (Fig. 3 ).
All three E-boxes were found to play a role in ENO1-lacZ expression. Mutating the E1-box had the biggest impact reducing expression 21.2-fold (average of four growth conditions), while mutating the E2-and E3-boxes reduced expression 4.6-and 2.8-fold, respectively (Fig. 3) .
Deleting the E2 element, alone or in combination with E1 and E3 completely eliminated repression in response to inositol and choline (Fig. 3) . However, deletion of E1 and/or E3 eliminated repression in response to inositol and choline only in Pi high media (Fig. 3 ).
To determine if there is any synergy between the E-boxes, every double mutant and triple mutant combination was created and the effect of each pairwise combination of elements was determined. The triple mutant was almost completely devoid of UAS activity suggesting that the
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three E-boxes constitute all of the required positive regulatory elements (Fig. 3) . To define the contribution of each E-box to activation, double E-box mutants were compared to the triple Ebox mutant. For example, to calculate the E1 contribution in I-C-Pi low medium, the activity in E2+E3 mutant was divided by the activity from the E1+E2+E3 triple mutant (5.7-fold activation; Table 2 ). To calculate the combined activation from the E1 and E2 elements, the activity in the E3 mutant was divided by the activity from the E1+E2+E3 triple mutant (24.3-fold activation; Table 2 ). The ratio of the observed fold-activation from two elements to the product of the foldactivation from the individual elements represents the synergy factor. A synergy factor of 1.0 indicates additive activation (i.e., no synergy) (42) . The data show that most E-box relationships yield a synergy factor in the range of 0.8 to 1.8 under all growth conditions, showing the absence of synergy between the 3 E-boxes.
Ino2p, Ino4p, Cbf1p and Sgc1p regulate ENO1-lacZ expression through the three Eboxes. To define the bHLH protein:E-box interactions, we used two approaches: an epistatic analysis and ChIP. The dual approach was expected to provide corroborating evidence and the epistatic analysis could additionally provide information about indirect regulation. For the epistastic analysis the three E-boxes mutant promoters were transformed into a wild type strain and the 9 bHLH knock-out strains. Cells were grown in I-C-, Pi Low and I+C+ Pi low media.
The results suggest that Sgc1p functions exclusively through the E1 element since deleting the SGC1 gene had no effect on expression from the E1 mutant promoter but affected expression from the E2 and E3 mutants (Fig. 4) . Likewise, Cbf1p functions through the E2 element (Fig. 4) .
The data suggests that Ino2p functions through the E3 element because deleting the INO2 gene had virtually no effect on expression from the E3 mutant promoter. The data also suggest that Ino4p functions through the E1 and E3 boxes (Fig. 4) . While, deleting the INO4 gene affected expression from all three E-box mutants, the most dramatic effect was with the E2 mutant. Thus, while Ino4p may function through all 3 E-boxes it is more likely that it functions through the E1 and E3 elements. It is curious that the inositol/choline response is mediated through the E2 element (Figs. 3 and 4) which does not appear to bind the Ino2p:Ino4p dimer but instead interacts with Cbf1p. As for the other five bHLH proteins, it was not possible to assign them to specific E-boxes since the bHLH knock-out alleles did not affect expression from any of the Ebox mutants. The simplest explanation is that the other five bHLH proteins may function cooperatively through multiple sites.
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ChIP was used to define the direct regulators of ENO1 expression. The TCM1 promoter was used as a negative control and the INO1 promoter served as a positive control for the binding of (Fig. 5 ). This is interesting because Ino4p does not homodimerize and usually requires Ino2p for binding to DNA (73) . However, Ino4p has been shown to regulate some genes in the absence of Ino2p (68) . Furthermore, Sgc1p also interacted with the E1-box and while Sgc1p binds a consensus E-box as a homodimer (69), it may bind the ENO1 E1 element as a heterodimer with Ino4p. Cbf1p was the only bHLH protein tested that interacted with the E2-box. This is curious since the response to inositol/choline was found to be mediated by the E2-box and inositol/choline regulation was typically believed to be effected by Ino2p:Ino4p (13, 24, 28, 64) . However, a recent microarray study identified a set of genes that are repressed by of the E-box (9) . Therefore, while the ino4-R13L and ino2-R13L mutants function as dominant negative mutants with respect to INO1 expression, they are able to bind to E-boxes that contain a C nucleotide at the 4 th position of the E-box (Gardenour and Lopes, unpublished data). In the other mutant, ino4-BRD, we deleted the 13 amino acid basic region.
The ino4 and ino2 mutants (in pRS315) were transformed into strains harboring the ENO1-lacZ reporter, grown under the four conditions described above and assayed for -galactosidase activity. The data clearly show that the presence of the R13L mutant bHLH proteins affects expression of ENO1-lacZ in several strains (compare Figs. 6 and 2A) . The ino4-R13L and ino4-BRD mutants reduced expression in the wild type strain mostly in I-C-conditions and 
DISCUSSION
The bHLH proteins have been extensively studied in the higher eukaryotic cells. This is a large and versatile family of transcription regulators (7, 31, 41, 44, 47, 78, 83) . Most attention has been focused on their ability to form multiple dimer combinations and to a lesser extent the limited DNA-binding specificity (4, 9, 10, 19, 22, 52, 58, 71, 76, 77, 81) . Consistent with this, we have previously reported that Ino4p forms multiple dimers with other bHLH proteins via the yeast two-hybrid assay and biochemical co-purification (63) . This suggests that different bHLH proteins might also be involved in the coordination of different biological pathways through
Ino4p. However, it has become evident that auto-regulation and cross-regulation of bHLH-
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encoding genes, inter-organellar transport, and inhibition of binding to promoters are also major contributors to how these proteins regulate gene expression (1, 60, 75) . Naturally, in higher eukaryotes there are additional layers of complexity dictated by tissue-specific and developmental-specific distribution of bHLH proteins. Yeast has been a particularly fruitful system to study this family of proteins with respect to how each protein or dimer functions in regulating a specific biological process (64) (Fig. 1 ). There are a relatively small number of bHLH proteins in yeast compared to Drosophila, C. elegans, or mammals (3, 5, 27, 36, 45, 46, 54, 66, 79) . Therefore, yeast is ideally suited to study how the various mechanisms described above contribute to coordination of different biological processes on genomic scale.
The results presented here are striking because they show for the first time that multiple bHLH proteins, known to regulate different biological processes, also regulate a single gene in yeast. In the case of ENO1, all 9 bHLH were required to activate its expression (Fig. 2) .
Inositol/choline also repressed ENO1-lacZ expression and therefore, ENO1 expression is coordinated with phospholipid biosynthesis. The phospholipid biosynthetic genes are induced in the absence of inositol/choline via the Ino2p:Ino4p dimer. ENO1 did not emerge in genomewide expression studies that identified inositol/choline and Ino2p:Ino4p regulated genes (34, 68) .
Furthermore, ChIP-chip analyses also did not identify Ino2p:Ino4p binding upstream of the ENO1 ORF (26, 53, 62) . This is in part due to the stringent cut-offs used in these genome-wide studies but also may be due to the growth conditions we employed.
As described above, there are several possible mechanisms whereby bHLH proteins could regulate ENO1 expression. They might regulate by directly binding to the ENO1 promoter as homodimers or heterodimers. In this case, multiple dimers might bind multiple sites or compete for binding to the same site in the ENO1 promoter. The ENO1 promoter contains five potential
A C C E P T E D
Downloaded from E-boxes of which three were investigated here because published promoter deletion studies suggest that the 2 ORF-proximal elements are not required. The three distal E-boxes were mutated and the triple mutant virtually eliminated expression (<2% of wild type promoter) supporting the conclusion that these elements are required for ENO1 expression (Fig. 3) . The epistatic analysis showed that Ino2p:Ino4p bind to the most distal element (E3), Cbf1p binds to the E2 element and Sgc1p and Ino4p bind the E1 element to regulate the ENO1-lacZ expression (Fig. 4) . In support of these results, the ChIP experiments showed these bHLH proteins:E-box genetic interactions correlate with direct binding by the bHLH proteins (Fig. 5) . Curiously, repression by inositol/choline appears to occur through the E2 element which bound Cbf1p (Figs.
3-5)
. This was surprising since this response is most frequently associated with Ino2p:Ino4p which bound the E3 element. However, inositol/choline also affected expression through the E3 and E1 elements in Pi high media. Nevertheless, the E2 response could in fact be due to Cbf1p since we have recently found that Cbf1p also regulates another inositol/choline-regulated gene (He, Shetty, and Lopes, unpublished data).
An important question to address is whether these elements and the cognate bHLH factors play an important role in ENO1 expression or whether they are minor contributors. To address this, we compared the ENO1 promoter sequences for several species of Saccharomyces (Fig. 7) .
It is obvious that the E2 element evolved fairly early as it appears in S. bayanus. Thus, it appears that regulation in response to inositol/choline is an early event and must be important for several members of the Saccharomyces genus (Fig. 7) . The response to inositol/choline is modest which explains why it was likely not identified in the genome-wide expression studies (34, 68).
However, the repression level of ENO1 is certainly comparable to that of several wellcharacterized inositol/choline-regulated yeast genes involved in fatty acid synthesis (FAS1,
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FAS2, and ACC1) as well as the Kennedy pathway for phospholipid synthesis (CPT1) (14, 56, 70, 72) . The E3 and E1 elements, however, appeared late and are restricted to S. cerevisiae suggesting that they play a specialized role in this species (Fig. 7) . Collectively, these observations suggest that these elements may have evolved for different reasons in the Saccharomyces genus. Another important consideration from these studies is that yeast promoter databases (e.g., http://fraenkel.mit.edu/yeast_map_2006/) that list binding sites for transcription factors typically cross-list the ChIP-chip studies and conservation of DNA sequence elements. However, these three ENO1 promoter elements do not satisfy the minimum cut-offs imposed in databases (15, 16, 20, 26, 53) .
It was already known that expression of ENO1 is regulated by Sgc1p (59, 69) . Here, we
found that Sgc1p interacted with the E1 element either as a homodimer or as a heterodimer with Ino4p (Figs. 4 and 5 ). Previous studies using EMSA and DNaseI footprinting experiments show that recombinant Sgc1p binds one of the two ORF proximal E-boxes (not analyzed in this study) (69) . The difference in these studies can be explained if binding to the E1 box occurs as an Sgc1p:Ino4p heterodimer which was not tested in the published studies (69) . Alternatively, the EMSA experiments do reveal additional bands at high Sgc1p concentrations that could reflect binding to the E1 element. Regardless of the explanation, the results we present here are corroborated by two distinct approaches, epistatic analysis and ChIP.
We and others have previously reported that INO2 expression is regulated by Ino2p and Ino4p (1, 2, 55, 74) . We have found that SGC1 is auto-regulated and cross-regulated by Cbf1p
and Ygr290wp (Chen and Lopes, unpublished data) suggesting that these bHLH proteins may regulate ENO1 by regulating the SGC1 gene. It will be interesting to determine if regulation of SGC1 expression affects global gene expression patterns. To do this, it will be necessary to Nevertheless, the SGC1-cat phenotype will make it possible to distinguish between these two possibilities.
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The Saccharomyces cerevisiae bHLH protein interaction map showed that Ino4p is a hub for binding other bHLH proteins (63) . Consistent with this observation, we showed that the ino4-R13L (Fig. 6A ) and ino4-BRD (data not shown) mutants completely alter expression from the ENO1 promoter. This was especially evident in the ino2 and cbf1 mutant strains, where the expression of ENO1 was almost completely eliminated. Similarly, the ino2-R13L mutant also affected ENO1-lacZ expression (Fig. 6B) . Thus, we can conclude dimerization selection does play a role expression of ENO1-lacZ. Consequently, our analysis of the ENO1 promoter has identified that multiple bHLH proteins are required for expression through distinct mechanisms including: direct binding to different E-boxes; formation of multiple dimers; and regulation by a putative HLH protein (Ygr290wp). promoter is not in an of itself noisy. To a great extent, answering this question will depend on studies that determine the effect of regulation of ENO1 on yeast metabolism and fitness. 1.9 a The fold-activation and synergy factor were calculated as described in the text. b The fold activation was determined relative to the activity in the triple mutant which were: I-CPi low = 18.6 units; I-C-Pi high = 12.2 units; I+C+ Pi low = 13.9 units; and I+C+ Pi high = 12.4 units. In the case of the ino4 and ino2 strains, the I-C-media contained 10 µM inositol to allow for growth of these inositol auxotrophs. Cells were harvested in mid-log phase and -galactosidase activity was quantified. The data represent the means ± standard errors of the means from at least three experiments. (B) Complementation of ENO1-lacZ expression in the wild type, ino2 , ino4 , cbf1 , and sgc1 strains. As a control, the ENO1-lacZ plasmid and empty pRS315 plasmid were co-transformed into the wild type strain. The ENO1-lacZ plasmid and a pRS315-bHLH plasmid were co-transformed into the relevant bHLH knock-out strains. FIG. 3 . Three E-boxes (CANNTG) in the ENO1 promoter are required for expression. Each of three ENO1 promoter E-boxes was mutated singly and in every possible combination. The wild type and mutant promoters were assayed in a wild type strain grown under the four conditions described in legend to Fig. 2 . The data represent the means ± standard errors of the means from at least three experiments. Inset contains mutants that yielded low levels of activity using a different scale. Saccharomyces phylogenetic tree is a reproduction from published reports (15, 16, 20, 29) . The relative position of the transcription start site is depicted as an arrow. S. cerevisiae E-boxes that are found in other Saccharomyces species are shown as filled boxes while putative E. boxes not found in S. cerevisiae are shown as horizontal striped boxes. The identity of the variant nucleotides in each E-box element is noted below each E-box. The sequences of the E1 and E3 boxes are shown next to the relevant species. The numbers by each E-box at the top of the figure represent the percent decrease in ENO1-lacZ expression when each E-box is deleted.
Oligo Sequence ENO1 F 5'-AAGCTTTAGAAAGCATACTAT-3' ENO1 R 5'-GAATTCGCCATTTTGATTTAG-3' CBF1 F' 5'-GCGGCCGCTAATTCCCTCTTTTATGC-3' CBF1 R' 5'-TCTAGATCAAGCCTCATGTGGATT-3' SGC1 F' 5'-GGATCCTTCTATTATGCCAAAGC-3' SGC1 R' 5'-AAGCTTAATAACGGGTTGTGAAT-3' INO4F 5'-AAGCTTCACCTTCCAAGCTTT-3' INO'4R 5'-AGCTCTTTCCAATTCTTGACCATCAGTCAA-3' INO'4F 5'-TTGACTGATGGTCAAGAATTGGAAAGAGCT-3' INO4R 5'-AGGCCTCCGGAGGAAAAAAAG-3' INO2 R13L 5'SD 5'-CACGTTCAAATGGAGAAGATACGATTAATAAACACCAAAGAA GCC-3' INO2 R13L 3'SD 5'-GGCTTCTTTGGTGTTTATTAATCGTATCTTCTCCATTTGAACGT G-3' INO4 R13L 5'SD 5'-GTTTCGTCTGAAAAAAAAAGGCTCGAGTTGGAAAGAGCTA-3' INO4 R13L 3'SD 5'-TAGCTCTTTCCAACTCGAGCCTTTTTTTTTCAGACGAAAC-3' CBF1A 5'-GGGAGATCTCCCTCTTTTATGCTTTAGTATCGTCATATTC-3' CBF1-HA 3' 5'-GCTTATTATTATTTGCCAGAGATCTCATCG-3' CBF1-HA 5' 5'-ATGAGATCTCTGGCAAATAATAATAAGC-3' CBF1B 5'-GCCCCAAAGTAGAAATAGGC-3' E-460 F 5' CCATCAGGATAGCACCCAAACTGCAGCATATTTGGACGACC 3' E-460 R 5' GGTCGTCCAAATATGCTGCAGTTTGGGTGCTATCCTGATGG 3' E-656 F 5' CGTCTATAAATGCCGGCCCGGGCGATCATCGTGGCGGGG 3' E-656 R 5' CCCCGCCACGATGATCGCCCGGGCCGGCATTTATAGACG 3' E-704 F 5'CGGTCATTGATGCATGCCATGGCCGTGAAGCGGGACAACC 3' E-704 R 5'GGTTGTCCCGCTTCACGGCGATGGCATGCATCAATGACCG 3' TCM1 chip F 5'-GTAGGCAAAGGCAAACAAGA-3' TCM1 chip R 5'-ATACGAGCGGCACTAACAGA-3' INO1 chip F 5-ATGCGGCATGTGAAAAGTAT-3' INO1 chip R 5-GAACCCGACAACAGAACAAG-3' ENO1-460 chip
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